During the storage of hay or haylage, heating damage may occur and lead to losses of available protein and digestible nutrients. Recent research indicates that losses of total digestible nutrients (TDN) may be more significant economically than losses of available protein. Our objectives for this study were to establish a near-infrared reflectance spectroscopy (NIRS) model to estimate losses of TDN caused by heating damage during storage, to test the model on farmer samples obtained from commercial forage testing laboratories, and then to determine the frequency with which significant losses of TDN occurred within these producer samples. Hay/haylage samples from wrapped bales harvested with moisture ranges of 9.3 to 17.3%, 16.8 to 24.2%, and 26.7 to 46.6% for three different harvests in a previous study in which internal bale temperatures were measured daily were utilized to develop a NIRS calibration. The model external validation coefficient of determination (R²) was 0.88. The calibration was tested on three unknown sets of samples from commercial forage testing laboratories. The three sets contained spectra of 1000, 618, and 1994 forage samples submitted by producers. A very small number of samples in Sets 1, 2, and 3 exhibited H values > 3 (21, 11, and 66 samples, respectively), which indicates that the developed equation was appropriate for use on the commercial samples. The predicted TDN losses from producer samples due to heating exceeded 4 TDN units in 50% of the samples, and exceeded 8 TDN units in 16% of the samples. Heat damage is a significant economic loss to many farmers.
Introduction
During harvests of hay or haylage, poor drying conditions and unexpected rainfall events place these crops at a high risk of losing digestible nutrients. If hay is baled at moisture concentrations greater than recommended for storage, or if haylage is poorly packed, heating damage may occur within the bale or silo. The potential for combustion also exists. Heating damage occurs as a consequence of respiratory activity by microorganisms associated with the forage, or by active cells within the forage plant. In either case, nonstructural carbohydrates are oxidized, yielding greater concentrations of fiber components (4) . Another consequence of heating damage results from the Maillard reaction, which is a heat-induced chemical reaction between proteins and sugars. The Maillard reaction produces a range of intermediary and end products that are poorly characterized in ruminant nutrition (2) . An indicator of formation of these products is ascertained commonly from elevated acid detergent insoluble nitrogen (ADIN) concentrations (12) . Heat damage within poorly preserved hays or haylages causes losses of TDN, which decreases the economic value of the harvested forage (4) . Estimating losses of TDN in hay or haylage is a quick and accurate way could help producers determine the economic losses within their harvest systems, and justify quality control measures or other needed improvements.
Our objectives were: (i) to develop a NIRS calibration to estimate TDN losses as a result of heating damage in hay and haylage; (ii) to verify the model with producer samples from commercial forage testing laboratories; and (iii) to determine the frequency of significant losses of TDN from an extensive collection of unknown producer samples.
Description of Samples and NIRS Calibration
Chemical data and NIR spectra (from a standardized a NIR Systems Model 6500 Spectrophotometer) were obtained from 89 hay samples generated within the experiments described by Coblentz and Hoffman (3, 4, 5, 6) . The forage consisted of a mixture of 'Phabulous' alfalfa (Medicago sativa L.) and 'Extend' orchardgrass (Dactylis glomerata L.) that was established on 14 April 2004 at the University of Wisconsin Marshfield Agricultural Research Station, located near Stratford, WI (44°7'N, 90°1'W). Hays were obtained from three independent harvests. The three moisture ranges for each of these harvests were 9.3% to 17.3%, 16.8% to 24.2%, and 26.7% to 46.4%, which were designated as low (LM), intermediate (IM), and high (HM) moisture. The LM and HM treatments were obtained from the second and the third cuttings during 2006, respectively, while the IM treatment utilized forage obtained from the second cutting of 2007. After packaging, each bale was fitted with a thermocouple positioned near its geometric center, and bales were monitored daily for internal bale temperature with a hand-held thermocouple thermometer (Omega 450 AKT Type K; Omega Engineering, Stamford, CN). Internal bale temperature data obtained from these hays have been summarized and discussed in a previous report (3) .
All laboratory methods are described in Coblentz and Hoffman (6) . Fiber analyses were done conducted sequentially using batch procedures outlined by Ankom Technology Corp. (Fairport, NY) for an Ankom200 Fiber Analyzer. Neither sodium sulfite nor heat-stable a-amylase was included in the NDF solution. Concentrations of CP, NDICP, and ADICP were quantified by a macro-Kjeldahl technique (1). Neutral Detergent Fiber Digestibility (NDFD) was determined by incubating 0.5-g hay samples in 125-mL Erlenmeyer flasks containing rumen fluid, buffer media, and macro-and micromineral solutions (7) . Flasks were purged continuously with CO , maintained in a water bath at 39°C for 48 h, and then terminated by digestion in neutral detergent solution that included both heat-stable a-amylase and sodium sulfite (7, 8) .
As recommended by NRC (9), TDN was calculated by the summative equation:
where TD-NFC is truly digestible non-fiber carbohydrate; TD-CP is truly digestible crude protein; TD-NDF is truly digestible neutral detergent fiber; and TD-FA is truly digestible fatty acids. Estimates of TD-NDF were calculated as: NDFn × (NDFD/100), where NDFn was protein-corrected NDF, expressed as a percentage of DM, and NDFD was expressed as a percentage of NDF (6) .
Losses of TDN were calculated from wet-lab analyses for 89 samples as reported previously (6) . Samples were sorted by heating degree days (HDD), which was calculated daily as the internal bale temperature minus a 30°C threshold, and then summed over all days in storage. Hay samples with a HDD accumulation of < 58 were averaged for each harvest to obtain the mean TDN within bales where minimal heating occurred. TDN losses were then calculated by subtracting the mean TDN for minimally heated bales from the TDN value for each individual sample. This TDN loss was used for the NIRS calibration. Calibrations were developed using ISI 3.0 (Infrasoft International, State College, PA).
Data sets of NIR spectra from three different commercial forage testing laboratories were used to determine the frequency and extent of heat damage that occurred among hay and haylage samples submitted to Midwestern forage
Predicting TDN Losses with NIS
The first objective was to determine if an NIRS model could be developed to determine TDN losses as a result of heating damage. Statistics of the NIR equation using the 89 calibration hay samples with varying levels of head damage were: (i) standard deviation of calibration (SEC) = 1.45; (ii) standard deviation of cross-validation (SECV) = 1.65; and (iii) the external validation coefficient of determination (R²) = 0.88. Thus the equation had a high fit with low standard deviation both of the samples used to develop the equation (SEC) and of samples not used to develop the equation (SECV).
The relationship between changes in TDN and HDD is shown in Figure 1 . Accumulated HDD ranged from 15 to 2045, resulting in altered TDN concentrations ranging from -13.2 to 3.4 percentage units. The relationship between laboratory and NIR-predicted values for changes in TDN is shown in Figure 2 . The graph and equation statistics, presented previously, showed that this NIR model could predict TDN changes accurately. Changes in the concentration of any forage fraction or component cannot be measured without a corresponding scan of the hay or haylage obtained on a prestorage basis. Since we did not have a scan from prestorage samples, the calibration for TDN change must have been based on the accumulation of compound(s) that are associated with changes in TDN. It is possible that these compounds could be accumulated Maillard products, which are formed by the binding of sugars to protein, rendering both less available to the ruminant. Since these are organic products, NIR light reflectance could be affected. Other possibilities include changes in N-partitioning within the forage, such as movement of N from cellsoluble to fiber-associated forms (5). In addition, increased concentrations of fiber fractions, such as NDF and ADF, are closely associated with spontaneous heating (4), and the calibration could be related to the accumulation concentrations of these fractions relative to the minimally heated controls (though each fraction has less correlation with the heat damage and the final NIRS calibration). When the data sets from the commercial laboratories were tested against the model, the number of samples with H values > 3 was very low (21, 11, and 66 for Sets 1, 2, and 3, respectively), which means that most unknown samples were spectrally similar to values in the calibration data set and predicted losses of TDN for most samples should be similar to the lab analysis values. It also indicated that the calibration equation was appropriate for use with the commercial samples. Table 1 shows distribution of unknown samples for the three sets of samples obtained from commercial laboratories based on changes in TDN concentrations during storage. In Sets 1 and 3, 22.5, and 11.5% of samples, respectively, exhibited no TDN losses, while 55.6 and 59.8% of samples exhibited TDN losses > 4 percentage units. Set 2 exhibited significantly less TDN loss, with 73.9% of the samples exhibiting no losses, and only 9.4% of samples exhibiting losses of TDN > 4 percentage units. A few possible reasons for these differences in distribution across sample sets. First, the laboratories were from different regions, and may have received a different distribution of samples representing both local farms and from locations across the nation. Different weather conditions and environments also could lead to the differences in losses of TDN from heated hays or haylages. While samples were generally collected in 2009 and early 2010, the exact harvest dates of the samples varied. Third, the drying methods of samples were different among laboratories. Samples from Set 1 were dried under forced air within an oven, while samples from Sets 2 and 3 were dried by microwave. Microwave drying has been implicated in causing heat damage, especially when hot spots develop within the sample during the drying process (10, 11) . However, drying techniques could not have been the sole cause of these differences in distribution because the sample sets with both the greatest and the least heat damage were both dried in a microwave. Conclusions A NIR equation with a low SECV and R² was developed to predict losses of TDN from hays and haylages due to heating. The equation was broad-based because the number of samples in three databases from commercial testing laboratories with H values > 3 was very low. Significant numbers of farmer samples were found with > 4 percentage units of TDN loss due to heat damage.
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